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1
INTRODUCTION

"The presence of speckle in imagery produced with coherent illumi-
nation (e.g., synthetic aperture radar) reduces the detectability of
objects in the image;,ElaQJ%/ It also reduces the effectiveness of
some computer algorithms (e.g., edge detection) designed for auto-
matic image analysis.

| Thus it is desirable to reduce speckle in synthetic aperture
radar (SAR) images both to assist radar image interpreters and to
preprocess images for automatic recognition algorithms on computers.
The goal is to smooth out the speckle but at the same time preserve

features of interest like edges, strong returns, etc.
N ,
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2
" SUMMARY
i
R 2.1 THE GEOMETRIC FILTER
"
Kkﬁf A non-linear filter was developed to reduce speckle in SAR

imagery while at the same time preserving spatial information. This

Kh filter is fundamentally different from any of the speckle reduction
‘égl techniques that have appeared in the literature [10-33]. It is based
fgkg' on geometric concepts ([34] - Appendix A), and is referred to as tne
geometric filter.
.ﬁﬁi The original geometric filter was designed for 8-bit imagery.
g?j [t is an iterative algorithm and generally about four to ten itera-
is‘ tions is optimal although just two or three iterations will reduce
. the speckle significantly.
'ng This 8-bit filter was originally implemented on a De Anza IP5500
;t%ﬁ digital video processor using a VAX 11/980 as a host system. Running
aﬁﬁ time was about 14 s per iteration for 512 x 512 images. It was later
. implemented on a 4-stage configuration of the CYTO-HSS High Speed
5ﬁ§; Cytocomputer System (recently developed at ERIM - see [46]) and run-
Eﬁ ning time was reduced to 0.2 s per iteration for images of the same q
% é; size, This hardware can also be configured with 32 processor stages
which would further reduce the execution time of 0.025 s for such
;g%g. images.
Ll . .
qu The geometric filter was compared favorably ([34] - Appendix A)

.Qﬂ with the 3 x 3 median filter [21-29]. It was also compared favorably
([35, 36] ~ Appendicies B, C) with look-averaging [20, 32].

Exploration of filters in a class of non-linear filters failed
to produce any that performed as well as the geometric filter,

2.2 THE GENERALIZED GEOMETRIC FILTER

One iteration of the geometric filter involves 32 basic opera-
tions, 16 of which increase pixel values and the otner 16 decrease
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pixel values (see Appendix A). In the original version discus.ed
above, a pixel value can be increased or decreased by at most one by

- - -

each of these basic operations. This original version was developed

S

for use on 8-bit SAR imagery.

A generalization of the geometric filter was developed for use
on 16-bit SAR imagery. Because of the greater dynamic range, many
iterations of the original version would be required to reduce the
speckle significantly. The generalized version has an integer-valued
control parameter n which allows for adjustment to the dynamic range
of the image. Each of the 32 basic operations referred to above can
increase or decrease a pixel value by at most n. With n = 1, the
operation of the generalized version is identical to that of the
original version. A program that computes one iteration of the gen-

-l e’

P

x.

i

v S gy

eralized geometric filter is presented in Appendix D.

L

Experiments were performed to determine optimal settings for the
control parameter. The maximum amount a pixel value can be changed
in a single iteration is 16 n. For example, if there is a pixel in
Kl the image whose value is more than 16 n greater than tne value of

.t
e

any other pixel in the image then its value will be reduced by 16 n.
Thicker spikes will be reduced more siowly.

The speckle index (see Appendix A) was computed before and after
running the filter with various settings of the control parameter.
The extent to which the spatial information was preserved was judged

Ll I 0

subjectively.

By this somewnhat ad hoc procedure it was founa that the best
results were achieved by halving the value of the control parameter
on each successive iteration. It was also found that the maximum
change in pixels values (= 16 n) for the first iteration should be
about one quarter of the maximum pixel value in the image. This
& ) leads to the following method for setting the control parameter. On
the first iteration the control parameter is set equal to ny wnere

4
[}
”1 is the smallest power of two which is greater than or equal to
)
N
0 3

k)
t
N - » -
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maximum pixel value in the image divided by 64. The control param-
eter is then halved on each successive iteration. On the last itera-
tion it has the value 1. This scheme results in 1 + 1092 ny
iterations. If a l6-bit image is saturated then its maximum pixel

16

value is 277 ~ 1 which results in 11 iterations.

Table 2-1 shows the speckle indices and maximum pixel values for
the sequence of images obtained using this scheme on a 16-bit 512 x
512 X-band SAR magnitude image of an area in North Carolina near
Rayleigh-Durham, (This imagery was made under USGS Contract No.
14-08-0001-21748). Table 2-1 also shows the reductions in tne maxi-
mum pixel value for each iteration and the maximum possible reguc-
tions. The maximum pixel value in the original image is 1946 and
1946/64 = 30.4. Therefore the control parameter settings are 32,
16, 8, 4, 2 and 1 for the six iterations performed. (See Figures
2-1, 2-2 and 2-3.)

2.3 CONTRAST ENHANCEMENT ALGORITHM

Most digital display devices display 8-bit images, which is rea-
sonable since the human vision system can perceive only about 8 bits'
worth of grey-levels. In order to display a 1l6-bit image it must
first be scaled down to 8-bits. The simplest method is to use a
linear scaling wnich maps the maximum pixel value into 255 and the
minimum into 0. However, if the image contains large sections with
a relatively small dynamic range plus a few very bright points, this
method will result in using very few quantization levels in large
sections of the scaled-down image just to accommodate the few bright
points. The generalized geometric filter produces images of this
sort. By reducing the speckle it reduces the dynamic range in large
sections of the image. On the other hand, it preserves small strong
returns. Although the pixel values of these returns are reduced,
they can still be fairly large.

............................
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TABLE 2-1
EFFECTS OF THE GENERALIZED GEOMETRIC FILTER

Control Maximum Maximum
Parameter Speckle Pixel Reduction Possible
Iteration n Index Value in Max Reduction
0 N.A. .475 1946 0 0
1 32 .068 1519 427 512
2 16 .039 1341 178 256
3 8 .029 1250 91 128
4 4 .024 1210 40 64
5 2 +.0215 1190 20 32
6 1 .0202 1179 11 16

Note: The "Oth" iteration is the original image.
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FIGURE 2-1., ORIGINAL IMAGE WITH SIMPLE GLOBAL LINEAR SCALING TO 8 BITS.
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FIGURE 2-3, SPECKLE REDUCED IMAGE WITH CONTRAST ENHANCEMENT SCALING TO 8 BITS.
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The contrast enhancement algorithm is basiéally a compromise be-

iﬁ- tween the global linear scaling defined above and an adaptive local
Qkf linear scaling which uses local maxima and minima. [f the adaptive
}§‘ local linear scaling is used by itself, all global contrast is lost
and this global contrast can contain useful information. For exam-
;Z ple, a wooded area will be brighter than a pasture in the globally
gf scaled image.
ﬂ# Let f(m,n) represent the filtered image and let G be its global
e maximum and let H be its global minimum. Let gl(m,n) be the local
?" maximum of f over a N x N square centered at (m,n), where N is an
ﬁﬁ odd integer. (If the pixel (m,n) is close enough to an edge so that
~$f this square is not completely contained in the image, the local max-
. imum is taken over the part of the square which is in the image.)
:f Let hl(m,n) be similarly defined as the local minimum of the image
b f. In order to avoid the creation of artificial edges in the final
;; image, the functions 91 and h1 are smoothed by convolving them
. with the function
Oy,
; bmn) - { e sinc (pp)n sine (7Eph b6 m SN )
ﬁﬁi 0 otherwise,

where ¢ is chosen so that

ﬁﬁ We define g(m,n) as a convex combination of the smoothed local maxi-
5} mum and the global maximum G;

L
’;!" g(m,n) =g Z gl(m *Jj,n+ k)q)(Jo k) + (1 - B)G’ (3)

il < N
. k] <N
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where g is an input parameter, 0 < 8 < 1. (Appropriate modifications
are made near edges.) Another function h(m, n) is defined similarly
as a convex combination (same g) of the smoothed local minimum and

the global minimum H.

Finally, the contrast enhanced image is defined as

;%: ',3 = ﬂﬁH’s . 255 if g(m, n) 4 h(m, n) ,

f](m, n) =

f mé E)H- H_ 255 otherwise.

The image in Figure 2-1 was obtained by simple global scaling
(8 = 0) of the original 16-bit image before running the generalized
geometric filter on it. A 16-bit filter image was produced by run-
ning six iterations of the filter with n = 32, 16, 8, 4, 2 and 1,
respectively. Figure 2-2 is the 8-bit image obtained by simple
global linear scaling (8 = 0) of the filtered image. Figure 2-3 is
the 8-bit image ob*ained by running the contrast enhancement algo-
rithm on the filter-d image with N = 3 and 8 = .95.
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Geometric filter for speckle reduction

Thomas R. Crimmins

An algorithm is described which reduces speckle noise in images. It is a nonlinear algorithm based on geo-
metric concepts. Tests were performed on synthetic aperture radar images which show that it compares fa-

vorably with a 3 X 3 median fiiter.

I. Introduction and Results

It is desirable to reduce speckle noise in synthetic
aperture radar images both to assist radar image in-
terpreters and to preprocess images for automatic rec-
ognition algorithms on computers. The goal is to
smooth the speckle but at the same time preserve fea-
tures of interest such as edges. strong returns, etc.

A nonlinear algorithm based on geometric concepts
was developed to accomplish this. [t is an iterative al-
gorithm and usually about ten iterations seems to be
optimal although just two or three iterations will reduce
the speckle significantly (see Table I}. It was pro-
grammed on a DeAnza IP5000 digital video processor
using a VAX 11/780 as a host system. Running time
was 14 sec/iteration.

Figure 1 is 2 synthetic aperture radar image of Willow
Run Airport in southeastern Michigan. It isan X-band
strip map image which was digitally processed on the
ERIM digital processor. The polarization of both
transmitter and receiver was horizontal. The resolu-
tion. measured as the half-power width of the impulse
response function, is 6 m. Figure 2(a) is a subimage of
Fig. 1. The pixel spacing in Fig. 2(a) is 3 m and the
image is 512 X 512 pixels.

Figure 2(b) shows the result of four iterations of the
geometric filter, and Fig. 2(c) shows the result of ten it-
erations. For comparison, Fig. 2(d) shows the result of
applying the 3 X 3 median filter!-8 until this image was
obtained which is of period 2 under the median filter.
That is. one application of the median filter to this
image will change it (very slightly) but it is invariant
under two applications of the median filter. (It isin-

The author is with Environmental Research Institute of Michigan.
Radar Division. P.O. Box 8618. Ann Arbor. Michigan 48107.
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teresting to note that this means that this image, and
hence the original image, have no median roots. This
contrasts with the 1-D case in which median roots al-
ways exist.®) The 3 X 3 median filter replaces each
pixel value with the median of the nine pixel values in
its 3 X 3 neighborhood window. Figures 3(a). (b). and
(c) are shaded and shadowed versions of Figs. 2(a), (¢).
and (d), respectively, considered as 2-D surfaces in 3-D
space.

Because speckle’noise is multiplicative. the ratio of
its deviation to its mean seems to be a reasonable mea-
sure of the amount of speckle noise present (see Ref. 9,
p. 25).

Let p(m,n),1 £ m,n < N, be the pixel values. For?2
< m,n £ N -1, the local deviation is defined as

gimn)=maxpim+in+j)l—mnpm+in+;) 1)
-1<i=1 -121=1
-1=<;=1 -1=<;7=1

(This, of course. is not the true deviation. but it is easv
to compute and we believe it should be good enough for
our present purpose.) The local mean is defined as

1 2
u(m.n)=§ S pim+in+ R3]

-—

tym=~]
Finally, the speckle index is defined as

1 N-l gtm.n)
v . R

(N =22 e uim.n)

Table I gives the speckle index for the original image
for various numbers of iterations of the geometric filter
and for the median root. Of course the goal here is to
reduce the speckle index as much as possible while stil]
preserving the spatial information in the image. The
images in Figs. 2 and 3 indicate how well the spatial
information was preserved. Thus the speckle index
must be considered together with the corresponding
images in order to determine how well a given filter
performs.

The geometric filter utilizes a technique which has
a history starting with a problem which has nothing to
do with speckle reduction. The original problem was
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Table l. Speckle indices
Speckle
Image index
Original image 1400
Four 1terations of geometric tilter 0.380
Ten iterations of geometric filter 0.132
Period 2 median root 0.333

Fig. 1. The boxed section

Radar image of Willow Run Airport.
appears 1n Fig. 2(a).

to generate approximations of the convex hulls of
maximal connected subsets of the foreground of a bi-
nary image. (A binary image is an image whose pixels
have only the values 0 and 1. The foreground is the set
of pixels with value 1.) The motivation for this was
enhancement of medical imagery.

Il.  The 8-Hull Algorithm

The convex hull of a set is the intersection of all the
half-planes containing it. An approximation to this,
called the 3-hull. is defined as the intersection of only
those half-planes which contain the set and whose edges
are either horizontal or vertical or lie in either of the 45°
diagonal directions. The 8-hull of a set has, at most,
eight sides.

P. Lambeck wrote an iterative algorithm (unpub-
lished) which generates the 8-hull of a set. It works as
follows At each step of the iteration, the value of a
pixel is changed from a O to a 1 if its neighboring pixels
have ones arranged in any one of the configurations
<hown in Fig. 4. The blank squares can be either zeros
or ones. [f enough iterations of this step are pertormed.
eventually the ¥-hull of the given set will be generated
and it will be invariant under turther iterations. An
example of the 3-hull of a set being formed is shown in
Fig<. 5. The black squares represent ones and the white
~quares represent zeros.

A-2
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Fig. 2. 1a)» Onginal image. (b Four iterations of geometric hiter
1cr Ten iterations ot geometric filter. 1dy Period 2 median root ot
original image.
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(c)
Fig. 3. (a) Shaded and shadowed version of onginal image v
Shaded and shadowed version of ten iterations ot geometric fiiter 0
Shaded and shadowed version of period 2 median root of origimag
image.

. Complementary Hulling Algorithm

Next. J. Gleason developed an iterative aluonthm
tunpublished) tor smoothing the ragged edges ot hinary
images of vehicles obtained by slicing grav-level radar
images. We will refer to this algorithm as the comple-
mentary hulling algorithm. One step of the tteration
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{a)

(b)
Fig. 4. Patterns used by the 8-hull algorithm.

i i 3|
= q ! 2
I X s
i T 1
— P T
(a) (b)

Fig. 6. Allowable 90° turns in the boundary. These are exceptions
to the rule.

= T
T h"‘] T

(c) (d)
Fig. 5. ta) Original set. (b) One iteration of 8-hull algorithm. (c)

Two iterations. {d) Three iterations. This is invariant under further
iterations.

consists of the following. First, one step of the 8-hull
algorithm described above is applied to the set and then
one step of the 8-hull algorithm is applied to its com-
plement. In other words, one step of the 8-hull algo-
rithm is applied, then zeros and ones are interchanged,
then another step of the 8-hull algorithm is applied, and
finally, zeros and ones are interchanged again. This has
the effect of gradually reducing the maximum curvature
of the boundary of the set. (Curvature is the inverse of
the radius of curvature.) More precisely, with a few
exceptions, the boundary of a set invariant under this
algorithm can turn a maximum of 45° at any vertex.
The onlv known exceptions to this rule are the boundary
segments shown in Fig. 6 and their 90° rotations.
Figure 7 shows a set at various stages of the iteration
process. The ninth iteration is invariant under further
iterations. Figure 8 shows the effect of this algorithm
on a set with a tower three pixels wide protruding from
the top. If one imagines going up the left side of this
tower and then down the right side, a sharp U-turn must EESEEEY o SR
N he made at the top. This U-turn has too high a curva- (o)
‘ ture to be permissible. Hence. the algorithm reduces  Fig. 7. (a) Original set. (h) One iteration of complementary hulling
it until the curvature is sufficiently small. A tower algorithm. (¢) Two iterations. 1d) Three iterations. ‘e Nine tter.
seven pixels wide is shown in Fig. 9. Here the U-turn ations. This is invariant under turther tterations
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Iv. Geometric Filter

A. How it Works

The geometric filter uses this complementary hulling
technique in the following wayv. First, picture the
gray-level (pixel values between 0 and 255 inclusive)
» radar image lying horizontally with its sides running in
® the north-south tN-S) direction and its top and bottom
running in the east-west (E-W) direction. We now
construct a gray-level surface above the image such that
its height above any pixel is proportional to the value
of that pixel. Next, this surface is sliced by all vertical
planes which contain a line of pixels running in the E-W
direction. A discrete grid is defined on each of these
vertical planes composed of vertical lines which pass
through pixels in the image and horizontal lines at
(d) heights representing the integers between 0 and 255
inclusive. The points in this vertical grid will be re-
ferred to as vertical pixels. Then the intersection of any
one of the vertical planes with the grayv-level surface is
a curve composed of vertical pixels in the vertical grid
[Fig. 10(a)]. Now consider the umbra of this curve.
The umbra consists of all vertical pixels in the vertical
grid on or below the curve [Fig. 10(b}]. If we assign the
: value 1 to all vertical pixels in the umbra and the value

(o) 0 to all other vertical pixels in the vertical grid. the

Fig.8. (a) Originalset. (b)One iteration of complementary hulling  vertical grid can be considered as a binary image.
algorithm. (¢t Two iterations. (d) Fourteen iterations. (e) Fifteen  (Ncte: It is not necessary for the algorithm to actually
iterations. This is invariant under further iterations. construct this binary image. We construct it here onlv

for pedagogic purposes.) Now one iterative step of the
complementary hulling algorithm is applied to the
umbra, which is the foreground of the vertical binary
image just constructed. Recall that the first halt ot an
iterative step of the complementary hulling algorithm
consists of one step of the 8-hull algorithm. Since we

»

o
L are only concerned with the line forming the top
N boundary of the umbra. only tour of the eight configu-
O rations shown in Fig. 4 need be used. These four are
';-,- shown in Fig. 4#(a). Similarlv. in the second half of an

iterative step of the complementary hulling algorithm,
when one iterative step of the 8-hull algorithm is applied
to the complement [Fig. 10(c)], only the line forming the
hottom boundary of the complement is of interest and
hence only the four configurations shown in Fig. 4(h) are
used. As before. the complementary hulling algorithm
step is completed by complementing back. This pro-
cedure is performed on all E-W vertical grids simulta-
neously and the resulting grayv-level image replaces the
original grav-level image. Now the same procedure is

() ) repeated in the SW-NE direction. then in the 3 N di-
Fur 9 Oninal <et. thy Oneateration of complementary hulling  rection, and finally in the SE-NW direction.  This
algorithim o Twoaterations. «d) Three tterations. This is in- completes one iterative step of the geometric filter.
varant under turther iterations. One change has been made in the algorithm dexcribed
" above to speed the speckle reduction. It hasto dowith
oSt the application of an iterative step of the s-hull algo-
van he made without requiring too high a curvature.  rithm to the umbra of a vertical slice as described above.
e Thus~. the corners at the top of the tower are rounded,  Instead of changing a 0 to a 1 if any of the tour neigh-
,\- but the tower i~ not reduced. [t is this reduction of  borhood configurations in Fig. 4(a) is present, these tour
. narrow towers and preservation of wide towers that  configurations are used separately and consecutively.
» . ~ugge~t the applicabilitv of the concepts in this algo-  That is, first a 0 is changed to a 1 it the first of these tour
-+ rithm 1o <peckle reduction. configurations is present. Then the resulting image
s
:j 15 May 1985 / Vol 24.No 10 / APPLIED OPTICS 1441
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(a)

(b)

(c)

Fig. 10. (a) Curve. (b) Umbra of curve. (¢) Complement of
umbra.

replaces the original image. Then the second configu-
ration is used. etc. Similarly. the four configurations
in Fig. 4(b) are applied separately and consecutively to
the complement. This results in a greater amount of
modification of the image in each iterative step and
hence fewer iterations are required. It also causes a
greater difference between the reduction rates for wide
and narrow features (see next subsection).

B. Why It Works

Speckle has a wormy appearance. Considering the
image as a curved 2-D surface in 3-D space (as described
above), speckle appears as narrow winding walls and

1442 APPLIED OPTICS / Vol 24, No. 10 / 15 May 1985

Tabie il. Reduction Rates for Square Towers

Reduction of
maximum/iteration;
number of vertical pixels,
Tower size i.e., units of intensity

IXx1 . 16
2X2
3x3
4X4
5X5
6 X 6
TX7T
8x8

Nto W ode ' OD WO

Table M. Reduction Rates for Walls

Reduction of
maximum/iteration;
number of vertical pixels,
Wall width i.e., units of intensity

12
6

3

SIS e

3
3
2
1.
0

valleys. A strong target return appears as a wide tall
tower. The entire body of the target appears as an even
wider high plateau, although it is not as high as the
tower representing a strong target return. The geo-
metric filter, through iterative repetition, gradually
tears down the narrow walls and fills up the narrow
valleys. It also tears down towers and high plateaus.
which we want to preserve. However, it reduces narrow
walls and valleys faster than it reduces wide towers. and
the even wider plateaus are reduced even more slowly
than the wide towers. In general, the wider any land-
scape feature (valleys, holes, depressions, walls. towers.
plateaus) is, the more slowly it is reduced. Thus. only
a few iterations are required to reduce the narrow
speckle walls and valleys and these few iterations have
very little effect on wide high towers (hence, strong
target returns are preserved) or on the even wider pla-
teaus (hence, target shape is preserved).

Since the algorithm works on both the umbra of the
image surface and its complement, it is essentially
symmetric with respect to up and down. Thus, filling
up valleys is essentially equivalent to tearing down
walls. Tables II and III show the rates at which the
height (maximum) of walls and square towers is being
reduced. In the case of the wider towers and wallis. the
reduction rate may be less for the first few iterations.
The tables show the rates established after these first
few iterations. However, this lag becomes important
for wider towers. For example, the maximum of a 14
X 14 tower is not reduced at all until the fifth itera-
tion.
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One more thing should be mentioned here. Some-
times the tower representing a strong target return is
almost as narrow as the speckle walls and valleys.
However, such a tower is usually much higher than the
speckle walls are high or valleys deep. Thus, although
it may be reduced at as fast a rate as the speckle walls
and valleys, the walls and valleys will still be reduced
before the tower is completely torn down and hence the
strong target return will still be preserved, although it
will be dimmer than in the original image.

This work supported in part by the Army Research
Office, Physics division, under contract DAAG29-84-
K-0204.
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Geometric filter for reducing speckle
Thomas R. Crimmins

Rajar Division, Environmental Research Institute of Michigan
P.O. Box 8618, Ann Arbor, MI 48107

Abstract

A non-linear speckle filter pnased on geometric concepts is defined and an example of
1t3 eftfectiveness on synthetlc aperture radar imagery 1S shown. A comparison wi:tn look-
averaglng 1s made using artificial imagery with syvnthetic speckle.

Introduction

Tne presence of speckle in imager{ produced with coherent illumination reduces “he ie-
tectadility of oo)ects in the imagest ~ 8 It also reduces the effectiveness of some
computer algoritnh - (e.g., edge detection) designed for automatic imnage analvsis.

The jeomeccic filter was designed to reduce speckle in synthetic aperture radar (SAR)
1magery wnile preserving the spatial information in the image such as edges, strong re-
turns, =2tc. it 1s an 1terative non-linear algorithm. Wsually from 4 to 10 iterations ire
used. Tn=2 algorithm was implemented on a DeAnza IP 5500 digital video processor using a
VAX L1°73J as a host system. Running time 1s about 14 seconds per iteration for 312 x 312
pixel inages.

Definition of the geometric filter

The geometric filter algorithm is based on applving a single iteration of an 1terative
convex .auillng algorithm alternately to the image and to its complement (negative 0f the
1mage). rfor details of the geometric derivation and an intuitive explana%-ion of the pro-
jram oelsw, see Crimmins?,

[t 15 essentially a one-dimensional algorithm which is applied successively in four d1f-
ferent 1irections 1n the two-dimensional image; horizontal, vertical, and the “wo <diaaonal
directisns.  Tne algoritnhm is defined as follows. The image is a function f({m, ) whera
L €m<™M, L €£n €N and the values of f are integers between 0 and 255. A border of
zeros 1g anded to the image so that f(m, n) is defined for 0 € m €M + 1 and 7 £ n € N - L.
An auxtitliary 1mage 3(m, n) is used waich is initially set egual to zero on the same ex-
t2nde.s 1>maln. The following program computes one iteration of the geometric fi1lter.

a-- i, c+-3, ¢c— 3, d--1.

3i{m, " — max {f(m, n), min {f(m-a, n-b)~-1,f(m, n) + l]}, for L€ m€M, L € n <N,

. t.T, A)~-max{3(m, n), mn [3(m - a, n - b),g(m, n} + 1, g(m + 3, n + b) + 11

£t LS M€ M, 1 €n <N,

It + = 1l; a~—=a, b—=~b, 4— 0, go to 2. If 4 =

5. 3/m, nj) — M1n {E(m, n), max [f(m - a, n - o) + 1,
far L €M< M, L £ n S N.

6. fim, nj) — min {g(m,n), max [g(m - a, n - b), g{m, n) - 1, g(m +# a, n + b) - i,

for L € m€ M, 1€ n€N.

[Vl Nl

!
Ve

£33

d+—1, go to 5.

0;
£(m, n) - 11},

7. It a l; a«—-a, b «~—=~b, 4~ 0, go to 5.
[fa =9, d+1, go to 8.

8. Itc=13; a~—0,b—1, c—2, go to 2.
Ifc=2; a—1, b—1, ¢+~ 1, go to 2.
It c=1; a~—1, be~—-=-1, c~ 0, go to 2.
It ¢ = J; stop.

Exampie

Figure 1 13 a 3AR image of an airport in Windsor, Ontario. It was made by the STAR-1
aicvorne 5AR 3ystem designed and developed by the Environmental Research Institute of
Micnlijan (ERIM). The resolution is 6 m x 6 m and the pixel spacing is 8.4 m. Figure 2
snows tne result of applying 5 1terations of the geometric filter.

Note tnat small strong returns retain their sharp edges in the filtered image. Also
medlum <ontrast edqges retain their sharpness and low contrast edges are still visible in
the filtered i1mage. Figure 3 shows 3-D plots of the boxed small strong return in the oriq-
1nal ana filtered i1mages. Fiqure 4 shows similar 3-D plots for the boxed medium contrast
edge.
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In order to measure tne “amount” of speckle reduction, we define a speckle index as
follows. In view of the multiplicative nature of speckle noise (GoodmanlV, o. 25, the
rat1o of its deviation to 1ts mean seems to be a reasonaole measure of the amoant >f spec-
kle noise present. For 1 € mS€ Mand 1 £ n €N, we define an approximation to the Incal
deviation by

E

D - -

J(m, n) = max f(m + a, n + 9} -~ min f(m + a, n + b}, (1)
| -1 £a, 081 -1 €a, b1
h The local mean 1s defined as I
4
.
4 1 .

wimy n} =3 E f(m + a, n + b) (2)

a,b=-1

The speckle 1ndex 1s then defined by,

S ey - -

| N
:l_z:z: :(m, n)
speckle i1ndex = MN NCYEEY t3)
m=1 n=1
.
ﬁ The speckle inaex for tne original image shown in Figure 1 is 1.05. The filtered imaze
5 shown in Figure 2 has a speckle index of 0.36.
¢
¥
W Synthetic imagery

In order to create an image with synthetic speckle, we begin by choosing a real-valued
, 1mage, r(m, n), containing some patterns of interest. A random phase image, .(m, 1), 1§
generated where, for each point (m, n), :{(m, n) is an independent sample from the uniform
distribution over the interval from 0 to 2-v. We then define a synthetic complex reflectiv-

t ity function by
)] g(m, n) = r(m, n) exp [Js(m, n)] (4
where j = (-1)1/2, An impulse response function is defined by
:: (sinc % m) (sinc % n) for |m!, |(n!| € 2, .
kK{m, n) = (%)
.' 0 otherwise.
)
¥ ‘The synthetic complex radar image is defined by h = k * g where * denotes convolu%tion,

Finally, the synthetic detected image is defined by f{(m, n) = "h(m, n).. This detectsqd
image is then modified by a two step process which is used at ERIM on real radar 1maasrw
to reduce l6-oit signed data to 8-bit unsigned data for display on a CRT. It consists »f

r a linear scaling followed by a non-linear mapping.

;ﬁ The image r(m, n) used to create the synthetic image in Figure 5a has a background level
% of 12. It has five rows of squares of sizes 32 x 32, 16 x 16, 8 x 8, 4 x 4 and 2 x 2 pix-
i els. The pixel values of the squares, going from left to right, are 170, 130, 90 and s0.

The two large gratings consist of bright and dark stripes of dimension 64 x A pixels. The
o bright stripes have a pixel value of 170 in the first grating and 90 in the second. The
¢ dark stripes are at the background level of 12. The stripes in the four smaller 3Jratinas
J have dimension 32 x 4. The bright stripes have pixel values 170, 130, 90 and S0, and the
dark stripes are at the background level of 12.

Comparison with look-averaging

¥
.’l
- Look averaging, the noncoherent addition of multiple images, is a commonly used tech-
w nigue to reduce speckle noise in SAR imagery and is an obvious reference for comparing “he
& effectiveness of the geometric filter. In order to make a fair comparison between rhe 3e0-
;u metric filter and look-averaging, the same information was used for both methods.
' '
t Look-averaging was carried out as follows. The Fourier transform of the complex 1maae
% ( = h(im, n) - see the preceeding section) was taken and its square domain was divided 1nto
iy four smaller squares. Each of these four parts of the Fourier transform were then inverse-

transformed to obtain four complex looks. The detected looks were obtained by computing
. the magnitude of the complex looks. Finally, the average of these four detected looks was
W computed. :
?.‘
3|’
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“N Tne result of tnis look-averaging process 1s the 1image in Figure 5b. The result »nf e
ﬁq iterations of tne yeometric filter applied to the original image is in Figure 5¢. The
k%' speckle indices Cor these three images are given in Table 1.
'y
4 .
| Tabple 1. Speckle Indices
‘;‘ Image Speckle Index
'j Original 0.524
1 Look-average 0.223
,‘i Geometric filter 0.065
'«

Flgure 6 snows 3-D plots ot the boxed square. Figure 7 shows 2-D plots of a slice
througn tne same syuare and Figure 8 shows 2-D plots of a slice across part of one of ==e

24 Jrasings.
": Y J g

?,: It appears from the apbove that, at least in this case, the geometric filter sutperforms
N lovok-averaging. Thus, it could be used either to produce higher gqualitv imagerv >r cCernhacs
~? ) to proadce imagery of the same gquality at a lower cost from less -data.

'l A s

ummary

W Che Jeometric fllter has become a standard tool at ERIM for use in processing SAR
'f} tnajery. It has oeen found to be useful in preparing imagery both fcr human 1ﬂ%3°”"*"
,{, and tor computer algorithms such as edge detection. It reduces speckle effectivelw wn:ila
,{\ it tne same time preserving the spatial information in the image such as edges, s+trona
g'k returns, etc. This filter appears to outperform the commonly used look-averajzing me=tn:i
Y4

tor reaudcing speckie.
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Figure 1. Original SAR image.

Figure 2. Result of 5 iterations of geometric filter.
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(c)

Figure 3. :3:~al image with synthetic speckle. (b) Average of
four looks. ( Pesult of five iterations of geometric filter.
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Tijure 8. Two-dimensional plots of a slice across part »f 1 jrat.n:.
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Geometric filter for reducing speckle

Thomas R. Crimmins

Environmental Research Institute
of Michigan

Radar Division

P.O. Box 8618

Ann Arbor, Michigan 48107

Abstract. A nonlinear speckle filter based on geometric concepts :s ce-
fined, and an example of its effectiveness on synthetic aperture ragar
imagery 1s shown. Comparison with look-averaging s made using art:-
ficial imagery with synthetic speckle.

Subject terms: speckle; radar: synthetic aperture radar. filter

Optical Engineering 25(5), 651-654 (May 1986).
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1. INTRODUCTION

The presence of speckle in imagery produced with coherent
tllumination reduces the detectability of objects in the
images. '™ It also reduces the effectiveness of some computer
algorithms te.g.. edge detection) designed for automatic im-
age analysis.®

The geometric tilter was designed to reduce speckle in
synthetic aperture radar (SAR) imagery while preserving the
spatial information in the image such as edges, strong returns,
etc. It is an iterative nonlinear algorithm.

2. DEFINITION OF THE GEOMETRIC FILTER

The geometric filter algorithm is based on applving a single
iteration of an iterative convex hulling algorithm alternately
to the image and to its complement (negative of the image). It
15 essentially a one-dimensional algorithm that is applied suc-
cessively in four different directions in the two-dimensionai
image: horizontal, vertical. and the two diagonal directions.

We will describe the application of the one-dimensional
algorithm in the horizontal direction. The image is assumed to
have integer gray-level values between 0 and 255.

Each horizontal row of pixels defines a one-dimensional
function. The “discrete graph™ of this function can be repre-
sented by a subset of a discrete grid 256 points high and as
many points wide as there are pixels in the horizontal direc-
tion of the tmage. The umbra ot the function consists of all
points 1n this grid on or befow 1ts discrete graph. One iteration
of a convex hulling algorithm 1s appiied to this umbra. (If
many iterations were performed. an approximation to the
convex hull of the umbra would be tormed.) Next. one itera-
tion of this convex hulling algorithm 1s applied to the comple-

invited Paper SO-108 received Oct 30. |985: revised manuscript recerved
Jan 7. 1986. accepted for publication Jan. 7. 19%6. received by Managing
Editor Feb 3. 1986 This paper 1s a revision of Paper $56-30 which was
presented at the SPIE International Conference on Speckle. Aug 20-123,
1985 San Diego. Calif The paper presented there appears tunrefereed! in
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ment of the set resulting from the previous step The output i~
the tunction whose umbra 1s the compiement ot the set result-
ing from this last step

The procedure described above 1s now applied in each of
the other three directions. This constitutes one iteration ot the
geometric filter.

For 14 more detailed explanation of the seometric Jens -
ton. see Ret 7 by Crimmuns A progrum that computes ong
tteration of the geometric hlter s presented .o Sec % vine
Appendir. This program was implemented on o DeAnza IP
3300 digraal video processor using 1 VANX T TN us u ot
system. Running time s about 14~ pertteratontor 312« 32
images. Usually trom 4 to 10 iterations are used

3. EXAMPLE

Figure | 15 a SAR image of an airport in Windsor. Ontario [t
ts a four look average® made by the STAR-| mirborne SAR
system designed and developed by the Environmental Re-
search Institute of Michigan (ERIM). The resolution v 6 m

6 m. and the pixel spacing is 8.4 m.

Figure 2 shows the result of applying five iterations ot the
geometric filter. Note that small strong returns retain the:r
sharp edges in the filtered image. Also. medium-contrast
edges retain thetr sharpness. and tow-contrast edges are <ull
visibie in the filtered image. Figure 3 shows 3-D plots of the
boxed small strong return in the onginal and filtered images
Figure 4 shows similar 3-D plots for the boxed medium-
contrast edge.

For measuring the “amount™ of speckle reduction. the
speckle index s defined in the following way: In view of the
multiplicative nature of speckle noise (Goodman.” p. 251, the
ratio of 1ts deviation to 1ts mean seems to be a reasonable
measure of the amount of speckle noise present. For | s m =
Mand | = n = N, we define an approximation to the locul
deviation by

gm, n) = max tim =~ 4.n ~ b
-l=y. hsl

- min tim - a.n - by, !

-toa e

where 1 1s the tunction representing the imuage  The locul
mean 1s defined as

|
wim, ny = — tim = a.n = by 2
9 JDE=-I

The speckle index is then defined by

OPTICAL ENGINEERING / May 1986 Vol 25No 5 651
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Fig. 2. Resuit of five iterations of geomaetric filter.

M
| aqm. m

speckie index = —— E E — kY

MN s pim, n)

A=

The speckle index for the original image shown in Fig | 15
1 05 The filtered image shown in Fig. 2 has a speckle index
of 0.36.

4. SYNTHETIC IMAGERY

To create an image with svnthetic speckle. we begin by choos-
ing a real-valued image rim, n) containing some patterns of

652 / OPTICAL ENGINEERING / May 1986 / Vol. 25 No 5

Fig. 4. Three-dimensionai plots of 8 medium-contrast edge.

interest. A random phase image &tm. ni s generated where.
for each pomntim. ni, dtm. n)1s an independent ~ampie from
the uniform distribution over the terval trom v o 2= W
then define a synthetic compiex retlectiviny runction ~s

gim. n) = rim. n)expydim. my . g
where ) = (—1)' . An impulse response funcuion s defined
( T )( ki )
sinc =—m || sinc —n |} <> <,
Kim. n = 3 ] torm.n < 2. :

0 otherwise
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Fig. 5. (a) Original image with synthetic speckie. (b} Average of four
looks. (c) Result of five iterations of geomaetric filter.

The synthetic complex radar image is defined by h = k * g,
where * denotes convolution. Finally. the synthetic detected
image is defined by f(m. n) = |h(m. n).

The image rim. n) used to create the synthetic image in Fig.
5¢a) has a background level of 12. It has five rows of squares
of sizes 32x32, 16x16. 8x8. 4x4, and 2x2 pixels. The
pixel values of the squares. going from left to right. are 170,
130. 90. and 50. The two large gratings consist of bright and
dark stripes of dimension 64 x6 pixels. The bright stripes
have a pixel value of 170 in the first grating and 90 in the
second. The dark stripes are at the background level of 12.
The stripes in the four smaller gratings have dimension 32 x 4.
The bright stripes have pixel values 170. 130. 90, and 50. and
the dark stripes are at the background level of 12.

5. COMPARISON WITH LOOK-AVERAGING

Look-averaging. the noncoherent addition of multiple statis-
tically independent images. is a commonly used technique to
reduce speckle noise in SAR imagery and is an obvious refer-
ence for comparing the effectiveness of the geometric filter.
To make a fair comparison between the geometric filter and
look-averaging, the same information was used for both
methods.

Look-averaging was carried out as follows. The Fourier
transform of the complex image [h(m. n)—see the preceding
section| was taken, and its square domain was divided into
four smaller squares. Each of these four parts of the Fourier
transform were then inverse-transformed to obtain four com-
plex looks. The detected looks were obtained by computing
the magnitude of the complex looks. Finally. the average of
these four detected looks was computed.

The result of this look-averaging process is the image in
Fig. 5(b). Figure 5(c) is the result of five iterations of the
geometric filter applied to the original image. The speckle
indices for these three 1mages are given in Table I.

Figure 6 shows 3-D plots of the boxed square selected from
Figs. 5ta) through 5(c). shown top to bottom. respectively.

TABLE |. Speckie Indices for the Images of Fig. 5

Image Speckle inaex
Original 0.524
Look-average 0.223
Geometric fiiter 0.065

Figure 7 shows 2-D plots of a slice through the same square.
and Fig. 8 shows 2-D plots of a slice across part of one of the
gratings.

{t appears from the above that. at least in this case. the
geometric filter outperforms look-averaging. Thus. it could be
used either to produce higher quality imagery or perhaps to
produce imagery of the same quality at a lower cost trom
fewer data.

6. SUMMARY

The geometric filter has become a standard tool at ERIM tor
use in processing SAR imagery. It has been found to be usetul
in preparing imagery both for human inspection and for com-
puter algorithms such as edge detection. !t reduces speckle
effectively while at the same time preserving the spatial infor-
mation in the image. e.g., edges and strong returns. This filter
appears to outperform the commonly used look-averaging
method for reducing speckle.
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8. APPENDIX

The image is a function f(m, n) where ] =m =M. 1 =n= N.
and the values of f are integers between ) and 255. A border
of zeros is added to the image so that fim. n) ts defined tor
O0=m=M=+1land0=n =N + |. Anauxiliary image gem. n»
is used that is initiaily set equal to zero on the same extended
domain. The following program computes one iteration of the
geometric filter.

l.ae—~1l.be=0,c—3,de1.

2. g(m. n) « max{f(m, n), min{ftm—a.n=b) — 1. fim. m
+1)}.forl=m=M.1l=sn=sN.

3. f(m, n) « max{g(m, n), min[gtm — a.n =b). gem. n) ~ 1.
gm+an+b)+lj}.forl=m=M 1=ns N\

4. fd=tlae~-a,be——-b.d«~0.goto2.
Ifd=0;d«1.got05.

1

5. g(m. n) « min{f(m. n), max(f(m —a.n = b) = |. ftm. n}
-1} forl=m=M.l<sn=N.

6. fim. n) «— min{g(m. n), max|g(m — a.n — b). gim. ni —

l.gim+a,n+b) - ljl.forl=m=M.1l<n=N\.

7. Ifd=l;ae—=~a, b—-b.d—0,goto0 5.
Ifd=0.d« 1, goto8.

8. Ifc=3a—0,be—1l.ce2 goto
Ifc=2iae—l.be—=l.ce—1,goto.
Ife=liae—=1l,be——-[,ce=0.goto2.

If ¢ = 0 stop.
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APPENDIX D
PROGRAM FOR THE GENERALIZED GEOMETRIC FILTER

The image is a function f(j, k) where 1 <
the values of f are non-negative integers. A border of zeroes is
added to the image so that f(j, k) is defined for 0 < j < J *+ 1 and

J<Jd, 1 <k <K and

0<k<K*1. An auxiliary image g(j, k) is used that is initially
set equal to zero on the same extended domain.
The control parameter n is a positive integer and is an input

parameter. The following program computes one iteration of the gen-
eralized geometric filter.

1. ael,be0, ced, del.

2. g(j, k) € max{f(j, k), min[f(j a, k -b) -n,
f(3, k) + ]}, for 1< j<d, 1<kc<K

3. f(J, k) < max{g(j, k), min[g(j - a, k - b),
glj, k) *+ n, g{j + a, k + b) + nl},
. forl1<j<Jd, 1l<ck<K.
4, Ifd=1;, a€-a,be-b,de0, gotoo?.
If d

[]
o
-

; d €1, go to 5.

=~
~—
A

min{f(j,k), max(f(j - a, k -~ b) + n,
f(3, k) = nl}, for 1 < j<J, 1ckcK.

-—

5. a(J,

6. f(ij,k) « min{g(j, k), max[g(j - a, k - b),
9(j, k) = n, g(j *+ a, k + b) - nl},
for 1 <j<d, 1l <ckc<K.

7. 1fd=1; ae-a,be-b, de0, goto5.
If d=0;del, goto 8.

8. Ifc=3;ae0,bel,ce?2, goto?l.
[fc=2; ael,bel, cel, goto?2.
Ifc=1; ael,be-1,ce0, goto?2.
If ¢ = 0; stop.
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